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Topics 

•  Neutrino Proper9es 
– Neutrino Flavor Oscilla9ons 
– Mass and Mixing 
– Mass hierarchy and CP‐viola9on 

•  Neutrino Oscilla9on Experiments using 
Accelerators 





Neutrino Produc9on 











; 



Solar and atmospheric data indicated that if the missing neutrinos 
were indeed due to oscilla5ons, then  the mass differences 
 were very small : 

                           Δm2
12 ~ 8x10‐5       Δm2

23 ~ 3x10‐3 

Knowing these mass scales guides the design of  a controlled 
laboratory experiment. 





Pions (π) can be made at a proton accelerator :

i.e.  

~1014 protons 

~1014 protons, travelling near the 
 speed of light, can be extracted 
every 1 – 2 seconds 



At  Fermilab we can produce  
~ 1011 neutrinos/m2/1014 protons 



Why is it so difficult to detect neutrinos? 



~6× 109 nuclei in a 1000 tons  of iron 

For a beam of neutrinos …… 


10‐38 

Recall our Φ is  
~1011 neutrinos/m2/1014 protons 

It takes a lot of neutrinos (protons), 
and target material to compensate 
for the very small  cross sec9on 







Why do we go over a “long baseline”? 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1 GeV <Eν < 3 GeV 



No oscilla9ons – expect ~ 3 events/day;   observe ~  1‐ 2 



Three neutrino mass and mixing


νe  νµ

ντ


νe 

νe 

νµ


νµ


ντ


ντ


(i.e. MINOS) 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To make matters more complicated, we don’t know the ordering of

the neutrino mass states


This is known as the “neutrino mass hierarchy” question




Probability of νµ  νe 

This is a series of “equa9ons”  and plots explaining mass hierarchy and  
CP viola9on. 

Probably 2 slides…..  





Op9mizing an experimental 
configura9on 



NOνA : NuMI Off‐Axis 



NOvA 14 kt & deep pit of building in “a” football 
stadium 
        (wire frame of loading dock in black hangs out over the stands 
by 30 yards) 

Start data taking with full detector in 2013 with 
6x1020 POT/year 

Run  3 years neutrino and 3 years an9‐neutrino 

All goes well – significant data taking  complete 
in 2019‐2020 



Fermilab to Homestake DUSEL (1290km) 







Why Underground? 



Far Detector : Water Cerenkov 

•  Super‐K 
  13K 20” PMT 

  40% coverage 
  50 kT total  mass 

  39 m diameter 

  42 m height 

•  LBNE 
  60 K 10” PMT per 

100kT FV module 
(25%) 

  ~55 m diameter 

  ~60 m height 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600MeV muon 

500MeV  electron 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Summary 
•  Experiments to study nature’s 9niest par9cles  
require tools of unprecedented scale. 

•  These experiments might possibly  lead us to 
uncover one of the most compelling ques9ons 
about our universe. 

Thank you!


